Objective: Fasting-induced lipolysis becomes less effective with age. We have studied whether nutritional regulation of adipose triglyceride lipase (ATGL)Fwith an important role in lipolysis in low energy statesFis affected by age. Design: Wistar rats of different ages (from 1 to 13 months) were distributed in control and fasted groups (14 h-food deprivation). ATGL mRNA expression was measured in different adipose depots at different ages and in only one depot at 13 months by reverse transcription (RT)-PCR. ATGL protein levels were determined at 3 and 7 months (not at 13 months) by western blot. Nonesterified fatty acid (NEFA), insulin and leptin levels were assessed in serum by enzymatic assays. Results: ATGL expression was dependent on regional fat distribution, with higher levels in brown than in white adipose tissue depots; and was affected by age: ATGL mRNA was increased with age in the brown adipose tissue and was decreased in two of the studied white depots, the inguinal and retroperitoneal, not being affected in the epididymal and mesenteric. Age also affected ATGL nutritional regulation: fasting increased ATGL gene expression and protein levels in the different white adipose depots of the youngest rats (up to the age of 5 months), whereas there was no change in the oldest rats studied (7 and 13-months old). This was in agreement with the pattern of NEFA levels, which did not increase in serum of fasted rats in the oldest animals, whereas other homeostatic parameters, such as insulin and leptin, responded to fasting independently of age. ATGL expressed by brown adipose tissue was not affected by feeding conditions at any age. Conclusion: Nutritional regulation of ATGL expression in white adipose tissue is impaired with age, which could contribute to the increased difficulty for mobilizing lipids when animals are exposed to nutritional stress such as fasting.
Introduction
Triacylglycerols are stored in adipose tissue and can be mobilized by lipases. In a situation of energy demand such as fasting lipolysis is acutely stimulated, and serum concentration of nonesterified fatty acid (NEFA) and glycerol, which act as oxidative substrates to maintain energy requirements, increase. The process of lipolysis is tightly regulated by hormones, and it is well known that hormone-stimulated lipolysis is defective with age; [1] [2] [3] [4] [5] however, the understanding of the molecular changes responsible for these alterations remains not completely clarified. For a long time, lipolysis has been attributed exclusively to hormone-sensitive lipase (HSL), which is stimulated during fasting primarily by catecholamines, through the cyclic AMP (cAMP) pathway (see Duncan et al. 6 for review).
An age-related loss of this hormone-induced lipolysis mediated by HSL has been the main fact considered till now to explain the decrease in the lipolytic response with age. [1] [2] [3] Recently, a new protein, adipose triglyceride lipase (ATGL), with an important role in lipolysis, has been described. 7 ATGL is a 486 amino-acid protein, mainly expressed by the adipose tissue, 7 and simultaneously described as desnutrin 8 and calcium-independent phospholipase A2-z. 9 This protein is found both in the cytoplasm and tightly associated with the lipid droplet. 7, 8, 10 ATGL mRNA expression is markedly upregulated during 3T3-L1 in vitro differentiation, [7] [8] [9] in a process regulated by PPAR-g. 11 It functions as a triacylglycerol lipase, hydrolyzing triacylglycerols to diacylglycerols in the initial step of lipid hydrolysis, providing the substrate for HSL in the lipolytic cascade. 7, 8 Intriguingly, ATGL also has transacylase activity, thus suggesting that it might also be involved in the resynthesis of triacylglycerols in addition to its activity as triacylglycerol hydrolase. 9 The importance of this protein in lipolysis appeared clear as its overexpression in transfected cells produces an increase in triacylglycerol hydrolysis 7, 8, 12 and decreases intracellular triacylglycerol levels 13 whereas the siRNA-mediated knockdown of ATGL has been shown to significantly decrease the release of glycerol and free fatty acids in vitro. 12 Recently the importance of ATGL in lipolysis has been confirmed in vivo, as genetic inactivation of ATGL gene function in mice resulted in increased adipose mass, led to triacylglycerol deposition in multiple tissues, weight gain and produced a shift in favor of carbohydrate over fat as a primary fuel source during fasting.
14 Also, immunoprecipitation of ATGL reduced total triacylglycerol lipase activity in human adipose lysates, which demonstrates its importance for efficient lipase activity in humans. 15 ATGL mRNA levels are regulated by the nutritional status, being induced after fasting and decreased by refeeding. 8, 16 For this reason, it has been postulated that this protein could play a role in low energy states such as fasting by providing fatty acids for oxidation. Moreover, ATGL is downregulated in animal models of obesity and diabetes mellitus (ob/ob and db/db mice) 8 and in the human obese insulin-resistant state, 17 so the protein could also be related to obesity. Due to the importance of ATGL in the process of lipolysis, and due to the fact that fasting-induced lipolysis is lost with aging, we have studied whether ATGL induction by fasting is affected by age in different adipose tissue depots of Wistar rats. Alterations in nutritional ATGL regulation could provide insights into the capacity to regulate body fat content and distribution and body weight maintenance, which is well known to be strongly affected by age.
Methods

Animals
Male Wistar Rats (Charles River Laboratories España, SA, Barcelona, Spain) of different ages (1, 3, 5, 7 and 13 months) were used. They were acclimatized to 22 1C with a 12:12 h light/dark cycle and had free access to standard chow diet (Panlab, Barcelona, Spain). Rats of the different ages were distributed into two groups (n ¼ 5): for each group a controlfed group, animals provided with ad libitum access to chow diet, and a fasted group, animals deprived of food for 14 h.
Different white adipose tissue depots (retroperitoneal, mesenteric, epididymal and inguinal) as well as the interscapular brown adipose tissues were rapidly removed after death, frozen in liquid nitrogen and stored at À70 1C until RNA analysis. Blood was also collected, stored at room temperature for 1 h and overnight at 4 1C and was then centrifuged at 1000 g for 10 min to collect the serum. The animal protocol followed in this study was reviewed and approved by the Bioethical Committee of our university and guidelines for the use and care of laboratory animals of the university were followed.
Adiposity index
Adiposity was determined by an adiposity index computed for each rat as the sum of the mass of all the white adipose tissue depots expressed as a percentage of total body weight.
HOMA-IR analysis
Insulin resistance was assessed by the homeostatic model assessment for insulin resistance (HOMA-IR) in rats of the different ages submitted to overnight (14 h) fasting (n ¼ 5 for all groups). HOMA-IR score was calculated from fasting insulin and glucose concentrations using the formula of Matthews et al. 18 HOMA-IR ¼ fasting glucose
RT-PCR analysis of ATGL and HSL mRNA ATGL and HSL mRNA levels were determined by reverse transcription (RT)-PCR. ATGL expression was assessed in the different adipose tissues studied at different ages, with the exception of the 13-month-old animals, where it was only measured in the retroperitoneal depot. HLS expression was only determined in the retroperitoneal depot. Total RNA was extracted using Tripure reagent (Roche, Barcelona, Spain) according to the instructions provided by the supplier. In total, 0.5 mg of total RNA (in a final volume of 10 ml) were denatured at 90 1C for 1 min and then reverse transcribed to cDNA using murine leukemia virus reverse transcriptase (according to Applied Biosystem's procedure) at 42 1C for 1 h, with a final step of 5 min at 99 1C in a Perkin Elmer 9700 Thermal Cycler (Norwalk, CT, USA). Half of the RT product was used for ATGL or HSL amplification and the other half for b-actin amplification using the AmpliTaq Gold DNA polymerase (Applied Byosistems, Madrid, Spain). Samples were first denatured at 94 1C for 3 min, and then PCR was carried out using the following parameters: 94 1C for 1 min, 58 1C for 1 min and 72 1C for 2 min. The number of cycles was 22 for all the genes. Comparatives PCR for the different depots and groups of age were carried out to have the possibility to compare all the samples. The amplification was finished by a final extension step of 10 min at 72 1C. Primers for the ATGL gene were as follows: f5 0 -TGTGGCCTC ATTCCTCCTAC-3 0 and r5 0 -AGCCCTGTTTGCACATCTCT-3 0 , for the HSL gene: f5 0 -TCACGCTACATAAAGGCTGCT-3 0 and r5 0 -CCACCCGTAAAGAGGGAACT-3 0 and for the b-actin gene: f5 0 -GAAGCTGTGCTATGTTGCCC-3 0 and r5 0 GGATTCC ATACCCAGGAAGG-3 0 . The expected size of the products was 271 bp for the ATGL gene, 169 bp for the HSL gene and 164 bp for the b-actin gene, which were visualized by electrophoresis in a 1.5% agarose gel containing ethidium bromide and verified by using a DNA of 100 bp ladder. The bands in the gel were quantified in a Chemigenius BioImaging System (Syngene, Cambridge, UK), using the GeneTools Software (Syngene, UK). The signal for ATGL mRNA was normalized to the signal of the housekeeping gene b-actin and the results were expressed as the ATGL/b-actin mRNA ratio.
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Western blot analysis of ATGL ATGL was determined by western blot in the retroperitoneal and in the mesenteric white adipose tissue, selected as representative depots, of 3-and 7-month-old rats. The tissues were homogenized at 4 1C in 1:5 (w/v) of phosphate-buffered saline using a Teflon glass homogenizer. The homogenate was centrifuged at 500 g for 10 min at 4 1C and the supernatant was used for total protein and ATGL analysis. Total protein content was measured using the BCA protein assay kit (Pierce, Rockford, IL, USA). A total of 15 mg of protein was solubilized and boiled for 3 min in Laemmli sample buffer containing 20% 2-mercaptoethanol. Total protein was fractionated by SDSpolyacrilamide gel electrophoresis (10% polyacrilamide) and electrotransferred onto a polyvinylidene fluoride membrane (Bio-Rad, Madrid, Spain). Black amide B10 staining provided visual evidence for correct loading and blotting of proteins. After blocking, membranes were incubated with primary rabbit polyclonal antibody (anti-ATGL from Cayman Chemical, Ann Arbor, MI, USA) and then with secondary ECL anti-rabbit immunoglobulin G, horseradish peroxidaselinked F(ab 1 ) 2 fragment (from donkey) (GE Healthcare, Barcelona, Spain). Immunocomplexes were revealed using an enhanced chemiluminescence detection system (ECL, Biosciences, Barcelona, Spain). Membranes were exposed to Hyperfilm ECL (Amersham Biosciences, Barcelona, Spain). The films were scanned in a Chemigenius BioImaging System (Syngene, UK), and the bands were quantified using the GeneTools Software (Syngene, UK). The signal for ATGL protein was normalized to the signal of the black amide B10 staining and the results were expressed as the ATGL/black amide B10 ratio.
Quantification of circulating NEFA, insulin, leptin and glucose NEFA levels were measured in serum using an enzymatic colorimetric NEFA C kit (from WAKO, Neuss, Germany). Serum insulin and leptin levels were measured using ELISA kits (from DRG Instruments, Marburg, Germany and R&D Systems, Minneapolis, MN, USA, respectively) and blood glucose using an Accu-Chek Glucometer (Roche Diagnostics, Barcelona, Spain).
Statistical analysis
All data are expressed as the mean ± s.e.m. The statistical significance of differences in ATGL expression between the adipose tissue depots for the different feeding conditions and between the different aged rat groups were assessed by one-and two-way analysis of variance (ANOVA) and least significant difference post hoc comparisons. Effect of fasting on circulating NEFA, leptin and insulin as well as on ATGL expression at the different ages in the adipose tissue depots studied was assessed by Student's t-test. Linear relationships between key variables were tested using Pearson's correlation coefficients. The analyses were performed with SPSS for Windows (SPSS, Chicago, IL, USA). Threshold of significance was defined at Po0.05 and is indicated when different.
Results
Body weight and adiposity As expected, body weight and adiposity of the studied animals increased with age (one-way ANOVA, Po0.001), and this increase in body fat was related to a rise in circulating insulin and in insulin resistance, as can be observed by the HOMA-IR index (one-way ANOVA, Po0.01) (Figures 1 and 2) .
Correlations of ATGL expression with body weight, adiposity and serum parameters No correlation was found between ATGL mRNA expression and body weight, adiposity, HOMA-IR index, glucose, insulin or leptin levels when considering fed animals. However, when considering fasted animals, ATGL mRNA expression correlated positively with circulating NEFA (r ¼ 0.251, Po0.05), and negatively with circulating insulin (r ¼ À0.289, Po0.01) and leptin (r ¼ À0.333, Po0.01). These correlations were stronger when not considering ATGL values from the brown adipose tissue depot, in which the gene expression is not regulated by fasting (see below): circulating NEFA (r ¼ 0.419, Po0.01), insulin (r ¼ À0.423, Po0.01) and leptin (r ¼ À0.436, Po0.01).
As expected, in fed animals, body weight correlated positively with adiposity index (r ¼ 0.932, Po0.01), HOMA-IR index (r ¼ 0.782, Po0.01) and circulating insulin (r ¼ 0.769, Po0.01), leptin (r ¼ 909, Po0.01) and NEFA (r ¼ 0.909, Po0.01). Moreover, also as expected, positive correlations were found among all the above mentioned variables (Po0.01). insulin resistance (HOMA-IR) index in rats at different ages (from 1 to 13 months). Adiposity index was computed for each rat as the sum of the white adipose depot weights and expressed as a percentage of total body weight. HOMA-IR was computed using the formula of Matthews et al. 18 Results represent means ± s.e.m. (n ¼ 5).
Adipose triglyceride lipase regulation with age A Caimari et al Effect of fasting on NEFA, leptin and insulin serum levels at different ages Serum NEFA levels increased with age in control-fed animals (one-way ANOVA, Po0.01). (Figure 2 ). Serum NEFA levels were also affected by fasting, and the effect was dependent on the age (two-way ANOVA, Po0.001) (Figure 2 ): 14-h fasting produced an increase in circulating NEFA at the ages of 1, 3 and 5 months (Student's t-test, Po0.01, 0.05 and 0.05, respectively), whereas no increase was observed in the oldest rats studied (7 and 13 months). The highest increase in NEFA levels was observed in the 1-month-old rats (4.7-fold increase) in comparison with the 3-and 5-month-old rats (1.9-and 2.4-fold increase, respectively).
Age and fasting also affected other serum parameters related with energy homeostasis, such as leptin and insulin. Both parameters increased with age in control animals (one-way ANOVA, Po0.001 and 0.005, respectively) and decreased after fasting in all the ages studied ( Figure 2) .
Regulation of ATGL and HSL expression by fasting at different ages Fasting affected ATGL expression in the different white adipose tissue depots studied in a different manner depending on the age (two-way ANOVA, Po0.05). (Figure 3 ). ATGL mRNA levels were increased with 14-h fasting in the inguinal, mesenteric and retroperitoneal white adipose depots of 1-, 3-and 5-month-old rats and in the epididymal depot of 3-and 5-month-old rats. However ATGL expression was not affected by fasting in any of these depots in 7-month-old rats or in 13-month-old animals in the retroperitoneal depot. At 13 months ATGL expression was only studied in the retroperitoneal as the selected representative depot. We selected the retroperitoneal as representative taking into account previous studies in our group showing its active response to short-term periods of fasting/refeeding. 19 The highest increase in ATGL mRNA levels in response to fasting was observed in the mesenteric adipose depot in 1-and 5-month-old animals and in the inguinal depot at the age of 3 months. Moreover, despite the high ATGL expression in the interscapular brown adipose tissue (see below), this expression was not affected by fasting at any of the ages studied. ATGL protein levels studied in the retroperitoneal and in the mesenteric adipose tissues as selected depots, followed the same tendency as mRNA, in that 14-h fasting increased protein levels in rats of 3 months, a rise that was significant in the mesenteric depot (Student's t-test, Po0.05), whereas no increase was observed in 7-month-old rats (Figure 4) .
Regarding HSL, contrary to what happened with ATGL, its mRNA levels studied in the retroperitoneal depot were not affected by fasting at any of the studied ages ( Figure 5 ).
Site-specific ATGL and HSL expression in adipose tissue during development ATGL mRNA expression levels varied depending on the adipose tissue depot and age (two-way ANOVA, Po0.001). (Figure 6 ). As a general trend, ATGL levels were always statistically higher at the different ages in the brown adipose tissue, except at the age of 1 month, when levels were similar in this depot to those of the retroperitoneal one. The lowest ATGL gene expression was found in the mesenteric adipose depot, except at the age of 3 months when the lowest expression corresponded to the inguinal depot.
Age affected ATGL expression in the brown adipose tissue and in the inguinal and retroperitoneal white depots (oneway ANOVA, Po0.05, 0.01 and 0.005, respectively). ATGL mRNA levels slightly increased with age in the brown depot. When considering the white depots, in both, but especially in the inguinal one, ATGL mRNA levels decreased in adult rats (at the age of 3 months) in comparison with the levels Adipose triglyceride lipase regulation with age A Caimari et al found in the youngest rats studied (1 month). After this decrease, ATGL mRNA levels increased with age in the inguinal depot recovering progressively the levels found in the youngest animals. ATGL expression levels were not affected by age when considering the epididymal and the mesenteric depots. HSL mRNA expression studied in the retroperitoneal adipose tissue was also affected by age (one-way ANOVA, Po0.001) ( Figure 5 ). HSL mRNA levels decreased at the age of 3 months and were recovered thereafter whereas, in the oldest animals (13 months), HSL expression decreased again. Adipose
Discussion
Due to the discovery of the implication of ATGL in the lipolytic process, we have studied possible alterations in its expression as predictors of an impaired stimulation of lipolysis with fasting. Here we demonstrate for the first time that fasting upregulates ATGL expression only in white adipose tissue, and not in brown adipose tissue, and that this upregulation (both at the messenger and protein level) is lost with age. This represents the description of a new mechanism contributing to the decrease in lipolysis with aging.
ATGL is mainly expressed in adipose tissue and its expression levels in rodents have been described to differ depending on the type or location of adipose tissue. 8, 13 We have worked with different adipose depots, and our data agree with previous findings, as we find a differential ATGL mRNA expression. However, the specific expression pattern depends on the age of the animals although, during the development, ATGL expression is always higher in brown than in white adipose tissue depots. The existence of regional differences in the expression of adipose-specific proteins is a common fact, which could contribute to explain the heterogeneity in terms of physiological and biochemical properties observed between different adipose depots. [19] [20] [21] [22] It is of note that at the age of 3 months, ATGL mRNA expression pattern is very similar to that previously described at the same age for adiponutrin, a close homolog of ATGL, 19 this probably reflecting common regulatory mechanisms. ATGL is induced under conditions of increased lipolysis. Fasting has been described to trigger an upregulation of ATGL mRNA levels in the gonadal white adipose tissue of mice. 8, 13 Our results also show an increase in ATGL expression levels in the different white adipose tissue depots studied in response to 14 h fasting, but this increase is age dependent, as it only happens up to the age of 5 months, whereas no increase is observed in any of the depots studied in older rats. ATGL protein levels follow the same pattern as mRNA, so in the mesenteric and in the retroperitoneal white adipose tissue, selected as representative depots, the protein increased at the age of 3 months (although the increase was only significant in the mesenteric) and not in 7-month-old animals. ATGL expression has been shown to be downregulated by insulin, 12 in fact we find that there is a negative correlation between fasting insulin levels and ATGL mRNA levels, correlation that has been also observed in humans. 17 In our animals, insulin basal levels increase during development reaching at the age of 5-months the levels retained during the rest of the developmental period studied. Thus, the loss of ATGL response to fasting in the older rats could be due to presence of higher levels of this antilipolytic hormone; insulin could be inhibiting the increase in the expression of a lipolytic signal as is ATGL.
As previously commented, ATGL expression is depot specific, and, interestingly, the highest response to fasting is found in the depots with the lowest ATGL expression. The mesenteric adipose tissue, which has been previously reported to be especially sensitive to changes in feeding patterns 23, 24 and has the lowest ATGL expression during the development in comparison with the other depots (except at the age of 3 months), is particularly responsive to fasting regarding ATGL upregulation. In 3-month-old rats, the highest increase in ATGL expression is found in the inguinal depot, which, at this age, is the one expressing lower ATGL mRNA levels. On the other hand, it is notable that in the brown adipose tissue, which, as previously commented, has the highest expression levels in comparison with the rest of depots, fasting produces no increase at any of the studied ages. This fact has not been previously reported and could indicate a different regulation for ATGL in this depot, independent of feeding conditions. This would mean that fasting produces an increase in ATGL only in the white adipose tissue, contributing in this way to increased lipolysis and energy production due to the hydrolysis of stored triacylglycerides. However, ATGL in the brown adipose tissue would not be responding to this feeding situation as lipids stored in this tissue have different functions, being mobilized in other stressful situations such as cold exposure for the production of heat in the process of nonshivering thermogenesis. 25 Differences in the regulation of ATGL expression depending on the type of adipose tissue, white or brown, needs further study. ATGL nutritional regulation in white adipose tissue appears to be relevant for the increase in lipolysis with fasting, as in our animals the increase in serum NEFA levels is found precisely up to the age of 5 months, when ATGL mRNA is not increasing in response to fasting. However, other signals related to energy homeostasis, such as circulating insulin and leptin levels, continue responding to a condition of food deprivation in older rats. These data would therefore corroborate the important role of ATGL in fasting-induced lipolysis, as the impairment in ATGL increase produced with age could be contributing to the Adipose triglyceride lipase regulation with age A Caimari et al observed impairment in the release of NEFA. Regarding HSL, as expected, 26 our data show that its mRNA expression levels are not regulated by feeding conditions at any age. The ability of hormones to activate responses in a variety of tissues decreases with age and the loss of the lipolytic capacity with aging is a well-described process. [1] [2] [3] [4] Due to the fact that, until the discovery of ATGL, lipolysis was mainly attributed to HSL, most of the studies have been focused on the search for molecular explanations exploring a possible impairment in hormone-sensitive lipolysis. Age is known to be related to the development of catecholamine resistance that affects lipolysis. 4 However, age-related differences in the lipolytic response to fasting have not been linked to a loss in hormone receptors or changes in the hormone levels, 2,5 with diminished cAMP production as the most probable reason suggested for the diminished lipolytic response in the adipocytes of older rats, 5, 27 although the results are contradictory. 3 ATGL expression is not catecholamine dependent, 7 however, as has been recently described, catecholamines could indirectly regulate ATGL activity through mechanisms involving its interaction with an activator protein (CGI-58). 28 Hence, our data would therefore indicate that the loss of nutritional regulation of ATGL expression with aging could contribute to the loss of fasting-induced lipolysis, by a mechanism independent of the impairment of the cAMP pathway. It is known that dysfunctional lipolysis affects energy homeostasis and contributes to the pathogenesis of obesity. 29 In this way, the downregulation of lipolysis may promote fat accumulation, which is typical with aging, due to the inability to mobilize fat stores. As expected, 20 during development, in our animals there is an increase in body weight and adiposity, and this is due in part to the observed impairment of fasting-induced lipolysis. We can conclude that deficient fasting-induced expression of ATGL in white adipose tissue could contribute to the diminished lipolytic response in the adipocytes of older rats (independently of previously described alterations in the cAMP pathway), which affects energy homeostasis and may contribute to increased fat deposition. In addition, ATGL expression in brown adipose tissue is not affected by fasting.
